The net transport through the Seto
INTRODUCTION
The Seto Inland Sea, the largest inland sea in Japan, faces the Pacific Ocean with the Kuroshio Current at the western and eastern inlets (the Bungo and Kii Channels, respectively) and is surrounded by three of the main Japanese islands (Honshu, Kyushu and Shikoku) as shown in Fig. 1 . It has east-west and north-south lengths of about 450 and 50 km, respectively, and a mean depth of 38 m. All regions of the inland sea have a strong tidal current, which flows among the approximately 1,000 islands [1] , and heavy fishing activity. The latter has led to a prohibition of moorings, including oceanographic moorings, the most standard method for long-term measurement of current and temperature. Part of the Kuroshio Current flows into the Seto Inland Sea sporadically through the Bungo and Kii Channels and significantly affects the inland sea environment [2, 3] . However, the Kuroshio intrusion rate, defined as the net flow rate through the Bungo and Kii Channels, has never been observed owing to the fishing-related restrictions.
Water exchange in the Seto Inland Sea has mostly been studied on the basis of the turbulent dispersion and diffusion due to the interaction between strong tidal currents and islands. An estimated inland sea residence time of 1.4 years was first determined using a dispersion coefficient and an associated advection rate that can explain the annual mean salinity distributed over the inland sea [4] . The residence time was also estimated to be 1.25 years from the turbulent diffusion of a tracer injected in a laboratory model of the inland sea [5] . However, the utilized dispersion and diffusion coefficients have never been validated by field observation. Recently, Komai et al. [6] estimated the rate of Kuroshio intrusion through the Bungo and Kii Channels by coupling a Seto Inland Sea model for the depth-averaged (barotropic) current with a Kuroshio model that covers the area north of the Kuroshio stream axis and south of Shikoku and satisfies the geostrophic balance. Open boundary conditions were imposed on the Kuroshio stream axis with onshore-offshore shifts using the sea level and density data provided by the Japan Coast Guard (JCG). The rate of Kuroshio intrusion (corresponding to the Seto Inland Sea throughflow), which is primarily caused by the sea level difference between the Bungo and Kii Channels, was estimated to be 6,944 m 3 s
À1
with an associated residence time of 4.0 years for Period-1 (1982) (1983) (1984) (1985) (1986) (1987) (1988) , À8;488 m 3 s À1 and 3.3 years for Period-2 (1989 Period-2 ( -1993 , and À9;259 m 3 s À1 and 3.0 years for Period-3 (1994 Period-3 ( -1999 . These periods correspond to the meander, transient and straight phases of the Kuroshio stream path variation, respectively. The first and second phases and the third phase may correspond to the offshore non-largemeander path and the nearshore non-large-meander path, respectively, as proposed by Kawabe [7] . It is likely that some transport will be added by introducing the baroclinic component in the inland sea model. Note that the positive and negative intrusion rates mean the intrusion at the Bungo and Kii Channels and correspond to the eastward and westward net transport in the inland sea, respectively. Until now, direct measurement of the net transport has never been attempted.
Coastal acoustic tomography (CAT) is an innovative technology well suited to measuring the environmental variations of coastal and inland seas with heavy fishing activity [8] [9] [10] [11] . It is a coastal-sea application of mesoscale ocean acoustic tomography, proposed in the 1970s as a key technology to map the 3D mesoscale structure of temperature and current [12, 13] . The reciprocal sound transmission method, which has been applied to the measurement of current profiles in the deep sea [14] [15] [16] [17] [18] , is also a proven method of cross-channel measurements of the current and temperature in straits and channels with crowded shipping traffic and fishing [19] [20] [21] . Because of its positive path-averaging attributes and remote sensing capability (i.e., measuring from the periphery of the domain and avoiding fishing-related issues), CAT is a viable and robust method for observing the coastal sea.
In this study, CAT systems were operated over ten months to measure the variation of current and temperature in the Akinada Sea of the Seto Inland Sea. In Sects. 2-4 of the paper, the acoustic data are described and the conversion of acoustic measurements to along-channel velocity and net throughflow is presented. In Sect. 5 we discuss error estimation for the acoustic model. In Sect. 6 we summarize the transport and residence time estimates obtained by the acoustic method.
SITE AND METHODS
A reciprocal sound transmission experiment using the CAT systems was carried out between two sound transmission and reception (acoustic transceiver) stations (T1 and T2) on both sides of the Akinada Sea in the western part of the Seto Inland Sea (see [ Fig. 1]) . T1 is at the edge of Kikuma breakwater and T2 is on the breakwater offshore of Osaki Shimojima, as shown in Fig. 2 . Travel times were measured at each acoustic station, and the path-averaged (along-line) current and sound speed (temperature) were calculated from the differential travel time and mean (or one-way) travel time, respectively. The reciprocal sound transmission between the two acoustic stations is sketched in Fig. 3 . The experiment started on 2 February 2012 and continued uninterrupted until 18 November 2012. During this period, the memory card was changed bimonthly. The performance of the preamplifier in the receiver circuit was improved on 12 April by replacing it with a back-up system so that the signal-to-noise ratio (SNR) was significantly increased. Because offsets between the subsurface acoustic transducer and the GPS antenna were not measured, the range between transducers was estimated using L ¼ Ct, where C is the sound speed calculated from the conductivity-temperature-depth (CTD) data at Station AN and t is the acoustically observed travel time. By using the 2-day mean data around the CTD acquisition time, a range of 13,769 m was determined with an accuracy of better than 1 m.
The seafloor depth gradually increased from 10 m at T1 to 45 m at 5 km, decreased to 25 m between 7 and 9 km, increased again to 60 m at 12 km, and rapidly decreased to 9 m at T2, as shown in the seafloor topographies in Fig. 4 . The acoustic level of the received signals was considerably larger for T1 than for T2. This asymmetry of the acoustic amplitude may be caused by the nonreciprocity of the ray paths and the unequal setting of the system for receiving gain. More accurate knowledge on the asymmetry would require further study. As a result of the asymmetric effect, the T2-T1 data are relatively continuous and gap-free, while there are sometimes larger data gaps in the T1-T2 travel time data. For February-October 2012, the current and temperature were estimated using the reciprocal data with higher accuracy in spite of fewer data. For November 2012 using the one-way T2-T1 data, the temperature was estimated with an error that included the effect of currents.
The CAT systems, which have been developed by Hiroshima University since 1993 and frequently operated in various coastal seas, were placed on the offshore sides of the breakwaters that protect fishery ports. The acoustic transducer was suspended at a depth of 5 m in front of the breakwater and fixed to the seafloor with an anchored rope. The subsurface transducer was connected to the CAT system instrumentation in a plastic box via a cable, as shown in Fig. 2 . The CAT system electronics used a 12 V rechargeable battery connected to a 12 V solar panel. Sound signals were transmitted with 24 V power using two rechargeable batteries with solar panels in a serial connection. A GPS antenna was stored inside the plastic box which was locked for security.
The acoustic transducers and transmission parameters were the same as those used in a previous study [20] . The transmission parameters are listed in Table 1 . In the present study, the transmitted sound with 4 kHz carrier frequency was phase-modulated by a 12 th -order M sequence to increase the SNR of received signals by 10 logð2
12 À 1Þ ¼ 36 dB. Three cycles per digit (Q-value) was selected as a suitable value to transmit the phase-modulated sound from the broadband transducer. The time resolution for multipath arrivals (t r ), defined as the one-digit length of the M sequence, was 0.75 ms. The signal was transmitted every 10 min with each station synchronized by GPS time. The received signals were cross-correlated with one period of the M sequence used in the transmission to obtain the arrival pattern with arrival peaks. The travel time associated with the largest arrival peak identified at a sampling frequency of 8 kHz is used here; only peaks with SNR > 5 were taken into consideration in the subsequent analysis. The noise level is defined as the median value of the received data (most of the arrival pattern is noise; peaks only constitute a small fraction). Frequent data gaps occurred before the system was improved on 12 April. Furthermore, as indicated above, the SNR of the received signals was considerably smaller for T2 than for T1, with correspondingly fewer data and larger gaps. Many data gaps also appeared from August to early September because of strengthened thermal stratification in the neap tides with currents weaker than those in the spring tides. Thus, only the mid-April to late July and mid-September to October data were used for estimating the net transport from the reciprocal (two-way) data. These data gaps did not significantly affect the path-averaged sound speed (temperature) estimate which has a much weaker requirement for travel-time measurement accuracy. The temperature was thus accurately estimated using two-way data for the months except November for which only one-way data were used. Linear interpolation was adopted for regions with data gaps in the 10-min-interval original data. The interpolated data were processed using a 1-h low-pass filter (LPF) called a Butterworth filter to improve the accuracy of travel time measurement and to obtain the hourly mean data. The standard deviation of the high-frequency component, calculated by subtracting the hourly data from the original data, provides a measure of the travel time error t e . The processed data were further smoothed using a 2-day LPF to remove tidal components and to obtain the 2-day mean data. The fortnightly tidal current still survived in the 2-day mean data owing to the insufficient data length; thus, the monthly mean was further taken to obtain steady currents. A physical currents with absolute values of greater than 0.2 ms À1 in the 2-day mean data, which arose because of filter edge effects on both sides of the gaps, were removed in the following analysis. Note that the 2-day mean currents were less than 0.2 ms À1 , especially during periods of transport estimation, as shown in the middle illustration of Fig. 8 presented later. The errors for the 10-min-interval and hourly mean data are decreased by taking the ensemble average of sequential data and are quantified by t e = ffiffi ffi 6 p for the hourly mean (six ensembles of the 10-min-interval data) and t e = ffiffiffiffiffiffiffi ffi 288 p for the 2-day mean (288 ensembles of the 10-min-interval data). In Sect. 5, we discuss the error estimation in detail.
Additional data were obtained for analysis. Observed hourly sea level data were provided by the nearest tide gauge station KIKUMA (Station TG). Monthly CTD data at Station AN were provided by the Hiroshima Prefecture Technology Research Institute (HPTRI). The CTD profile data, converted to sound speed, were used in the ray simulations between T1 and T2 to better understand how acoustic energy propagates in the sea between the two transceivers. The CTD data were also used in the conversion from sound speed to temperature using the sound speed formula [22] . The 20 m temperature data at Station HY in the Pacific Ocean south of Shikoku were obtained from the HYCOM model output, provided by the Naval Research Laboratory [23] . The model output served as the typical temperature in the Kuroshio south of Shikoku.
PROCESSING OF ACOUSTIC DATA TO
OBTAIN ALONG-CHANNEL FLOW
Forward Schemes
We consider the reciprocal sound transmission in the vertical section between T1 and T2. The travel times t 1 and t 2 assigned for the transmissions from T1 to T2 and from T2 to T1, respectively, may be expressed by
where V oal and C oal are the current and sound speeds, respectively, averaged in the vertical section from the upper to lower turning points of the traveling ray (see [Fig. 3]) . The current V oal , directed from T1 to T2, is taken to be positive. Solving the above two coupled equations, we obtain
where Át ¼ t 2 À t 1 , t 1 % t 2 % t m and t m ¼ ðt 1 þ t 2 Þ=2. C 0 is the reference sound speed and is nearly equal to C oal . V oal and C oal can be calculated from the travel time data by using the second term of Eqs. (3) and (4), respectively. The third term of Eqs. (3) and (4) is used in the error evaluation in Sect. 5. In this study, the section-averaged temperature is calculated using the sound speed formula from the observed sound speed using the monthly varying depthaveraged salinity (32.08-33.17), determined from the station AN data, and half the depth (10 m) in the vertical section that the ray propagates. The estimated annual mean temperature changes at a rate of about 0.01 C/m as the depth changes.
Ray Simulations and Transmission Data
Ray simulations were performed by range-dependent bathymetry using a range-independent sound speed profile based on the CTD data at Station AN provided monthly. The results for February, May, August and October are shown as typical cases for the four seasons in Figs. 4(a)-4(d), respectively. Except for Fig. 4 (c) corresponding to August with bottom reflections, rays form refracted-surface-reflected patterns. The ray for the largest peak in the arrival pattern is colored red and rays with travel times close to that of the red ray are also shown. Except for in August, the deviation of the travel times from the red ray is smaller than the time resolution (0.75 ms) for multipath arrival, and so individual arrival rays may be unresolvable and form a broad peak. Thus, the rays that form the broad peak span most of the vertical section except for the nearbottom layer. The arc length and travel time for the red ray are combined to estimate the reference sound speed C 0 , and all three values are presented together in Table 2 . The along-line (path-averaged) current and temperature were calculated for the red ray in each diagram. At this site, the tidal current reached AE1:5 ms À1 in the spring tide and water was well homogenized except in summer and early 
Estimate of the Along-Channel Transport
The estimation of the along-channel current V eac from the observed along-line current V oal and tide gauge data is described here. A harmonic analysis of the four major tidal constituents (M2 and S2 for the semidiurnal constituents and K1 and O1 for the diurnal constituents) was applied to the observed hourly mean along-line current V oal from 1 May to 30 June with the best reciprocal data set to determine the harmonic along-line current V hal [24] . The predicted along-channel current V pac was independently estimated using tide gauge data and the long-wave equation for progressive tidal waves. Finally, V hal and V pac are used to obtain the angle between the acoustic line and the channel direction.
According to the long-wave theory for progressive tidal waves, V pac is related to p as follows [24] :
where p is the tidal sea level variation predicted from the observation data at the nearest tide gauge station and measured upward from the mean sea level (as shown in the first illustration in Fig. 6 ), x is the horizontal coordinate measured from the zero-crossing point on the up-slope of the cosine function, t is the time coordinate measured from any selectable point, g is the acceleration due to gravity (9.8 ms À2 ) and H is the average water depth for a non-flat seafloor.
Here the predicted along-channel current V pac is regarded as that along the ''true'' channel direction. The angle of the true current to the transmission line may be calculated by cos ¼
where V hal is the harmonic along-line current obtained from the four-constituent harmonic analysis of the observed along-line current (V oal ). The value of measured clockwise from the transmission line T1-T2, as shown in Fig. 1 , is determined considering the direction of V oal . This angle to the true direction is then used in the conversion from V oal to the estimated along-channel current (V eac ) over the duration of the experiment:
where 0 < < %=2 for V oal > 0 and % < < 3%=2 for V oal < 0. Note that Eq. (7) is an extension of Eq. (6) because V oal includes not only V hal but also other weak currents such as the remaining tidal constituents and steady currents. The May-June data for the observed hourly mean current V oal and harmonic along-line current V hal are shown in the second illustration of Fig. 6 . The predicted and estimated along-channel currents (V pac and V eac ) during May 21-25 are compared for time lags of 0 h (third illustration) and 1.17 h (fourth illustration), respectively, using the least-squares fit with a correction angle of ¼ 49: 5 and a time lag of 1.17 h, which shows that the sea level lags behind the current. It is worth noting that tidal waves at the present site are shifted slightly (1.17 h in phase) from progressive waves. The eastward propagating tidal waves, which enter the inland sea from the Bungo Channel and pass the observation site, meet with the westward propagating ones, which enter from the Kii Channel, at the Bisan-seto, about 100 km east of the observation site [25] . It is likely that the observed tidal currents are phase-modulated by the interference of both tidal waves. The net transport through the Akinada Sea Q is then calculated with the following formula:
where A (¼ 477;936 m 2 ) is the cross-sectional area of the vertical section from the surface to the seafloor along the sound transmission line T1-T2. V eac is the average alongchannel current for the entire vertical cross section, but it may be slightly overestimated because rays do not travel through the near-bottom layer with a weak current.
TEMPORAL VARIATION OF ALONG-CHANNEL CURRENT AND PATH-AVERAGED TEMPERATURE
The estimated along-channel current and path-averaged temperature for February and May are shown in Fig. 7 as representative cases of the worst and best data acquisition, respectively. For the February data, the fortnightly cycles of tidal current are observable in spite of the many data gaps, and the temperature data indicate a reasonable pattern of seasonal cooling. The 2-day mean data with an absolute current greater than 0.2 ms À1 , which appear at the edges of data gaps as filter-edge effects, were removed. Because of the large number of data gaps, the February data were not used in the net transport estimate. The May data are characterized by the regular cycles of semidiurnal, diurnal and fortnightly tides. The magnitude of the hourly mean current reached 1.5 ms À1 in the spring tide and 0.5 ms À1 in the neap tide with no data gaps. The temperature indicated seasonal warming toward summer.
The estimated along-channel current V eac for FebruaryOctober, determined using Eq. (7) with ¼ 49: 5 , is shown in the upper and middle illustrations of Fig. 8 . The 2-day mean data of V eac are enlarged in the middle illustration. The current data for February-early April had many gaps due to insufficient receiver gain. The gaps in the current data for August to early September were caused by strengthened thermal stratification resulting in rays exhibiting bottom bouncing and the associated decrease in the signal level at the receiver (T2). The hourly mean estimated along-channel current showed a fortnightly tidal cycle, which ranged from 0.5 to 1.5 ms À1 . The 2-day mean current varied due to the surviving tidal components and sometimes saturated at a magnitude of 0.2 ms À1 during the periods of February to mid-April and August to early September. Except for these periods, the 2-day mean current was scattered in the range smaller than 0.2 ms À1 . A time plot of the temperature for the entire period from February to November (two-way data for February-October and one-way data for November) is also shown with thick blue circles in the lower illustration of the same figure together with the monthly temperature at Station AN. The one-way temperature for the entire period is also shown in the same figure with the blue broken line. For February-October, both the temperatures were nearly equal with a root-mean-squares difference of 0.149 C. The 20 m HYCOM temperature is also shown in the same figure, representing typical data in the Kuroshio south of Shikoku. The observed 2-day mean temperature had a minimum of 10.1 C on 10 March and a maximum of 25.9 C on 17 September. The observed 2-day mean temperature was in good agreement with the upper 20 m average temperature at Station AN. Assuming a periodic annual cycle, the temperature in the December-January gap was estimated by linear interpolation using the Station AN data. The annual mean temperature of 17.3 C for the Akinada Sea was considerably lower than 22.3 C for the Kuroshio region. The 2-day mean net transport, calculated by substituting the 2-day mean estimated along-channel current and ¼ 49:5 into Eq. (8), is shown in Fig. 9 for mid-April to late July and early September to October. The 2-day mean net transport time series showed a significant scatter due to fortnightly tidal components surviving in the 2-day mean current, and the monthly mean was further taken to suppress the fortnightly components. The monthly mean transport ranged from Q oct ¼ À22;845 m 3 s À1 (westward) in October to Q jul ¼ 2;566 m 3 s À1 (eastward) in July, implying possible seasonality (maximum in summer and minimum in winter). The 6-month mean transport Q mean was À12;250 m 3 s À1 (westward), forming the following dayweighted average: The above monthly mean transport is nearly equal to the 143-day mean transport of À11;651 m 3 s À1 . Here we have assumed that the current estimated from the travel time data is the average for the entire vertical cross section.
The exchange time of Seto Inland Sea water with Pacific water (T exchange ) can be estimated by the following formula using the net transport Q and inland sea volume V: 
ERROR EVALUATION
Travel time errors in deep-sea acoustic tomography are mainly caused by high-frequency variation due to internal waves. This error source is first examined in coastal-sea tomography. The standard deviation of travel time differences for the period range of 10 min to 1 h was estimated to be t e1 ¼ 1:40 ms from the February-October observation data; this is the high-frequency variance of the travel time difference signal. Note that this error is significantly greater than the one-digit length of the M sequence (t r ¼ 0:75 ms), namely, the nominal time resolution for multipath arrival, and so t e1 rather than t r is taken into consideration in the following error analysis. From Eq. (3), the travel time error t e1 is converted to the along-line velocity error V e , which ranges from 0.113 to 0.119 ms À1 and takes an average of 0.116 ms À1 , as shown in Table 2 . For the 1-h moving average, V e is then 0:116= ffiffi ffi 6 p ¼ 0:047 ms À1 (six ensembles of the 10-min-interval original data). For the 2-day moving average, V e is reduced to 0:116= ffiffiffiffiffiffiffi ffi 288 p ¼ 0:007 ms À1 (288 ensembles of the original data).
The error for the 2-day mean net transport (Q e ) can be estimated by taking the total derivative of Eq. (8) with respect to V eac and ,
where V 0 is the average current for February-October and 0 is the rotation angle for the estimated along-channel current. By replacing V eac and by the errors V e and e , respectively, the above equation is rewritten as Q e ¼ AðV e sin 0 þ V 0 e cos 0 Þ: ð10Þ
The second term on the right-hand side of Eq. (10) is assumed to be negligible because the angle is well determined ( e % 0) according to the fourth illustration of Fig. 6 Differentiating Eq. (4) with respect to t m at a fixed L, we obtain the relationship between a small variation (C m ) of C m and a small variation (t m ) of t m as follows:
Note that the negative sign on the right-hand side of Eq. (11) is removed as we are dealing with implicitly positive rms errors. The travel time error for sound speed measurement is estimated from the standard deviation of high-frequency variations in the range of 10 min to 1 h. The error is 0.70 ms for the 2-way data during FebruaryOctober (305 days) and 0.25 ms for the one-way data in November (19 days). The effective error t e2 is reduced to 0.67 ms by day-weighted averaging. Note that the travel time error for the one-way data during February-November is 0.69 ms, nearly equal to t e2 . The sound speed error C e is obtained by replacing t m in Eq. (11) with t e2 and ranges from 0.108 ms À1 in February to 0.114 ms À1 in October with a mean of 0.111 ms À1 (see Table 2 ). It is reduced to 0.045 ms À1 for the hourly mean data (six ensembles) and 0.007 ms À1 for the 2-day mean data (288 ensembles). The total derivative of Mackenzie's sound speed formula [22] with respect to T m and S m under fixed salinity (S 0 ) and depth (D 0 ) shows that the sound speed variation C m is related to the temperature and salinity variations (T m and S m , respectively) as follows:
For the yearly mean temperature and salinity (T 0 ¼ 17:3 C and S 0 ¼ 32:7), the fixed depth D 0 ¼ 10 m and yearly salinity variation range S m ¼ AE0:5, as determined from the Akinada Sea data, Eq. (12) reduces to 
when all errors are orthogonal.
SUMMARY
The long-term variations of current and temperature in 2012 were measured using reciprocal sound transmissions along the transect T1-T2 in the Akinada Sea of the Seto Inland Sea, Japan. The error of path-averaged current measurement is AE0:047 ms À1 for the hourly mean data and AE0:007 ms À1 for the 2-day mean data. The error of sound speed measurement is AE0:007 ms À1 for the 2-day mean data. The corresponding temperature error is AE0:20
C. The observed along-line current was converted to the estimated along-channel current with an angle correction of 49.5 from the sound transmission line and a phase correction of 1.17 h from the progressive wave using the nearest tide gauge station data and the long-wave equation. This phase shift from the progressive wave requires further study. Except for August and early September, for which there were many data gaps due to thermal stratification, the estimated along-channel current showed fortnightly tidal variation with an amplitude range of 0.5 to 1.5 ms À1 . The monthly mean transport ranged from À22;845 m 3 s
À1
(westward) in October to 2,566 m 3 s À1 (eastward) in July, implying possible seasonality (maximum in summer and minimum in winter). The net westward transport averaged monthly for the accurately observed period of six months was 13;107 AE 2;544 m 3 s À1 . The path-averaged temperature was calculated using the sound speed formula from the sound speed data under monthly fixed salinity ranging from 32.08 to 33.17 and a fixed depth of 10 m. The 2-day mean temperature showed a seasonal minimum of 10.1 C on 10 March and a seasonal maximum of 25.9 C on 17 September. The estimated exchange time of inland sea water is 778 days (2.1 years) for the observed net transport, shorter than the exchange times of 3.0 and 3.3 years estimated for the westward net flow on the basis of the barotropic model developed by Komai et al. [6] . This is the first direct-observation data of net transport through the Seto Inland Sea. Further study is required to clarify the dependence of the Kuroshio stream path variation on the net transport.
Reciprocal sound transmissions across seas (at an oblique angle to the flow) can be a robust measure of the along-channel transport as well as the cross-channel temperature.
